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Generating clones of mutated cells within a wild-type tissue is a powerful experimental paradigm for elucidating gene function. Recently,
this approach was employed for identifying genes that shape morphogen profiles in the Drosophila wing-imaginal disc. Interpreting such
experiments poses a theoretical challenge. We present a general framework that links specific features of the morphogen profile in the clone
vicinity to three basic morphogen properties: diffusion, degradation, and binding to immobile elements. Our results provide rigorous criteria
to examine existing data and can facilitate the design and interpretation of future clone experiments.
D 2004 Elsevier Inc. All rights reserved.
Keywords: Morphogen; Modeling; Clonal analysis; DrosphilaIntroduction
Positional information during development is coded by
gradients of signaling molecules that are capable of
inducing several cell fates in a concentration-dependent
manner. Established examples of morphogen include growth
factors of the TGF-h, Wingless (Wg), and Hedgehog (Hh)
families (Briscoe and Ericson, 2001; Chuang and Kornberg,
2000; Lecuit and Cohen, 1997; McDowell and Gurdon,
1999; Nellen et al., 1996; Neumann and Cohen, 1997;
Roelink et al., 1995). Recently, the long-range gradient of
Wingless and Dpp in the Drosophila wing disc was
visualized directly by antibody staining or by using
morphogen–GFP fusion proteins (Entchev et al., 2000;
Strigini and Cohen, 2000; Teleman and Cohen, 2000).
While the central role of morphogen gradients in
developmental patterning is well established, how such
gradients are formed is a matter of intense study (Tabata and
Takei, 2004; Teleman et al., 2001; Vincent and Dubois,
2002). An emerging concept is that the spatial distribution
of morphogens is controlled by feedback mechanisms that
ensure efficient buffering of environmental or genetics0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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and McMahon, 1999). Identifying proteins that contribute to
shaping of the morphogen profile is thus an essential first
step in characterizing patterning mechanisms. The Droso-
phila wing imaginal disc serves as a central paradigm for
such studies (Cadigan, 2002; Strigini and Cohen, 1999;
Tabata, 2001). A prominent advantage of the disc system is
the ability to generate clones of cells that either lack or
overexpress a gene of interest, in a background of wild-type
cells. In certain cases, the mutated clones can be reversibly
activated at a particular time, for example, by using a
temperature-sensitive mutation.
Recent studies employed clonal analysis for assaying the
involvement of particular genes in the establishment of
morphogen distribution. Clones of cells that misexpress a
gene of interest were generated, and morphogen distribution
in the clone vicinity was visualized either directly or by
following target-gene expression. Wingless profile, for
example, was found to be altered by clones of cells
overexpressing its cognate receptor DFz2 (Cadigan et al.,
1998), whereas the Dpp profile was altered by clones that
lack its receptor Tkv and by clones that lack Shibire, a gene
involved in endocytosis (Belenkaya et al., 2004; Entchev et
al., 2000). A similar approach was also used to examine the
role of heparan sulfate proteoglycans (HSPGs) in shaping
the Wg, Hh, and Dpp distributions (Baeg et al., 2001;278 (2005) 203–207
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al., 2004; Han et al., 2004a,b; Kirkpatrick et al., 2004; The
et al., 1999).
While the effects of clones on morphogen profile can
now be visualized, interpreting this distribution to deduce
the normal function of the respective protein poses a
theoretical challenge. It is not immediately clear what are
the crucial features of the morphogen profile that are most
indicative of gene function, and whether such features can
distinguish between particular characteristics of morphogen
movement, such as degradation rate, diffusion coefficient, or
binding to immobile elements. To assist in this problem, weFig. 1. Morphogen profile in the vicinity of coherent clones. We consider a two-di
of the field. Three different clone types are shown: In (A), morphogen degradation
reduced over the clone while in (C), the level of immobilize elements (R) is 25 fold
colormap), equal-concentration lines shown in white. The steady state distribut
distribution. The right panel displays one-dimensional projections of the profile, a
both for the transient (broken line) or steady state (thick lines) distribution. Here
distribution behind the clone is shown in blue. In all cases, Clone is simulated as
one). The parameters defining morphogen movements in the wing are a=25, D=1,
length-scale of 0.2 (yellow). Note that in both (A) and (B), the morphogen lengtpresent here a general framework that establishes such a
connection. This is done by analyzing the effect of virtual
coherent clones, which are deficient in only one of the
above-mentioned properties. We describe both the steady-
state and the transient properties of morphogen distribution
within the clone and its vicinity. Our analysis highlights
crucial features of this distribution and describes the specific
properties that can distinguish between clones that alter
morphogen diffusion, degradation, or binding to immobile
elements. We discuss the implication of our results for the
analysis of existing clone data and for the design of novel
clone experiments.mensional geometry, with morphogen produced by a line-source at the edge
is 25 fold enhanced over the clone, in (B), morphogen diffusion is 25 fold
increased over the clone. Morphogen levels are shown in color-code (green
ion is shown on left, while the middle column shows a typical dynamic
long the perpendicular (top) or parallel (bottom) to the source, as indicated,
green curve corresponds to morphogen levels ahead of the clone, while its
a rectangle of a relative length 0.2 (red line, wing dimension normalized to
k+R=100, k-=10, corresponding to a steady-state exponential profile with a
h scale over the clone was decreased by a factor of 5 (green line).
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Theoretical framework for predicting clone affects
To analyze the expected morphogen profile in the
presence of different clones, we considered a model of a
single morphogen L diffusing in a two-dimensional field.
We assume that the morphogen is produced at a localized
line source and diffuses with a diffusion coefficient D. In
addition, the morphogen is subject to degradation at a rate a
and can bind reversibly to immobile elements, R with on/off
rates of k+ and k, respectively. The time-dependent
morphogen distribution L(x,t) is obtained by solving the
reaction–diffusion equations:
BL
Bt
¼ D B
2L
Bx2
 aL  k LR þ kþ LR ð1Þ
BLR
Bt
¼ k LR kþ LR ð2Þ
Here LR denotes the concentration of the morphogen-R
complex.
We analyzed three types of clones, corresponding to
alteration in morphogen diffusion (D), degradation (a), or
availability of immobilized elements (RT = R + LR). Virtual
clones that are deficient in a particular property were
generated by defining a restricted spatial domain where the
relevant parameter is assigned a value different from its
value elsewhere (Fig. 1). For each case, we characterized the
expected morphogen profile by solving Eqs. (1) and (2)
numerically. In the Supplementary Material, we provide an
analytical discussion verifying the generality of the observed
behavior and the independence of our qualitative results on
clone size and geometry. Quantitative aspects, which do
depend on the precise parameters, are also discussed.
For each of the different clones, we characterized the
following properties: (a) morphogen accumulation ahead of
the clone, (b) morphogen accumulation behind a clone
(production of a dshadowT), and (c) morphogen accumu-
lation inside the clone. Both the transient morphogen
distribution and its steady-state levels were examined. The
results are summarized in Fig. 1 and are discussed below.
Case A: degradation signature
We first considered clones that enhance morphogen
degradation rate. Solving for the morphogen profile in the
vicinity of such clone, we observed reduced morphogen
levels within the clone as well as in its vicinity (Fig. 1A).
Morphogen levels ahead of the clone are reduced, and a
dshadowT (region of lower morphogen levels) appears
behind the clone. The observed pattern not only appears
as a transient but is also maintained at steady state.
To understand the origin of this behavior, we note that
enhanced morphogen degradation reduces the typical dis-
tance that morphogen can cover before being degraded (itsddiffusion lengthT). Morphogen movement over the clone is
thus more restricted, causing an imbalance between morph-
ogen levels inside and outside the clone. A flux of morphogen
into the clone is thus ensured. This flux reduces morphogen
levels also in the clone vicinity and produces the observed
shape.
As expected, an inverse pattern is observed for clones
that enhance morphogen stability, with morphogen accu-
mulating in the clone vicinity. In fact, since traveling over
the clone allows morphogen to cover longer distances, the
clone serves as an effective source to its surroundings.
Case B: diffusion signature
We next examined clones that reduce morphogen
diffusion. We found that such clones produce differential
effects ahead of and behind the clone (Fig. 1B). Morphogen
accumulates ahead of the clone, whereas a shadow of lower
morphogen levels is observed behind the clone. An inverse
pattern is seen when morphogen diffusion is enhanced over
the clone. Also here, the pattern appears not only as a
transient, but is also maintained at steady state.
The origin of the observed behavior is again related to
morphogen-diffusion length over the clone. Lowering the
diffusion coefficient reduces this diffusion length, leading to
the observed dshadowT behind the clone. However, whereas
clones of increased degradation reduce the total morphogen
levels, here the total morphogen levels are not altered, but
the clone merely causes its redistribution. This redistribution
is manifested by the accumulation of morphogen ahead of
the clone.
Case C: binding signature
The third type of clones we analyzed expresses increased
amounts of immobile elements that reversibly bind morph-
ogens. For describing the effects of such clones, it is
necessary to distinguish between the distribution of the
morphogen that is bound to those elements and the
morphogen that is free.
At steady state, bound morphogen accumulates prefer-
entially over the clone (Figs. 1C–D). A discontinuity in the
level of bound morphogen is observed at the clone
boundaries. In contrast, the level of free morphogen is not
altered. Indeed, at steady state, the dissociation of bound
morphogen is precisely balanced by the flux of the newly
bound morphogen, and this balance is maintained at each
spatial position. Thus, at steady state, clones that alter
binding characteristics will exert an exclusively cell-
autonomous effect on the levels of bound morphogen.
In sharp contrast, such clones modify the transient free
morphogen profile in a non-cell-autonomous manner. In fact,
before steady state is reached, binding of free morphogen is
not compensated for by the release of bound ligand. Rather,
this capture serves as a sink for free morphogen and slows
down the dynamics (see Supplementary Information). As a
transient, clones with increased level of dtrapsT modify free
ligand distribution in the same way as clones enhancing
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transient shadow will appear behind such clones.
Being able to follow both the transient and the steady-
state morphogen profile may thus help in interpreting clone
effects. Yet, in view of the estimated rapid morphogen
equilibration time scale (~1–4 h for Wg or Dpp; Entchev et
al., 2000; Strigini and Cohen, 2000; Teleman and Cohen,
2000) compared to the time it takes to generate clones (~1–2
days), it is not clear that clonal analysis could indeed capture
transient situations. Transient analysis should thus be
limited to situations where clones of temperature-sensitive
mutants can be generated, and temperature shifts employed
in a regulated manner.
Implication for the interpretation of published reports
It is interesting to examine published reports in light of
the clone classification discussed above. It should be noted
that clones of any specific gene could alter different
properties of morphogen profile. For example, clones in
the morphogen receptor could alter not only morphogen
binding, but also other properties either directly or through
signaling-dependent feedback mechanisms. For such clones,
the observed changes in morphogen distribution will be a
combination of the coherent features described above. We
also note that often it is the level of the intracellular, rather
then the extracellular, ligand that is being reported
experimentally. However, since this intracellular level is
directly related to the level of free ligand, our qualitative
results will hold also for its distribution. We briefly discuss
three examples that illustrate the manner by which our
analysis can be used to correlate observed changes with
specific gene function.
HSPG effect on Wg, Hh, and Dpp profiles in the wing
Several recent papers monitored the effects of clones that
are deficient in component that modify HSPGs such as the
dally family or the tout-velu family (Belenkaya et al., 2004;
Takei et al., 2004). In all these experiments an accumulation
of morphogen was observed in front of the clone along with
a decrease in its level after the clone. This is in clear
agreement with the diffusion signature, indicating that
HSPGs morphogen diffusion.
Involvement of DFz2 in shaping Wg profile
Clones that overexpress DFz2, the Wg receptor, were
employed to examine the role of DFz2 in shaping the Wg
profile (Cadigan et al., 1998). In those experiments, wing-
less profile in the clone vicinity was examined directly by
antibody staining for Wg and by following target-gene
expression. As is expected from increased levels of receptor,
Wg levels were found to be elevated within the clone.
Importantly, however, non-cell-autonomous effects were
also reported. Specifically, it was found that in addition to
its accumulation within the clone, Wg levels were also
increased in the clone vicinity. According to our results(Figs. 1C–D), an increase in receptor binding per se cannot
account for non-cell-autonomous morphogen accumulation
at steady state. This suggests an additional function of
DFz2, perhaps in stabilizing the free Wg (Eldar et al., 2003).
A transient shadow of Dpp levels behind Shibire clones
Clonal analysis was also used to characterize the involve-
ment of Shibire, the Drosophila Dynamin gene required for
clathrin-dependent endocytosis, in shaping the Dpp morph-
ogen gradient (Entchev et al., 2000). Clones that express a
temperature-sensitive allele of Shibire were generated, and
the distribution of Dpp–GFP fusion protein was visualized
directly following the transfer to the restrictive temperature.
A prominent feature observed was the appearance of
dshadowsT behind shibire clones, characterized by lower
levels of Dpp. Importantly, shadows appeared as a transient
feature: observed when the clones were challenged with a
wave of newly synthesized Dpp, but not under steady-state
conditions. Those results were interpreted as indicating that
receptor-mediated endocytosis is essential for the formation
of a long-range Dpp gradient (Entchev et al., 2000).
According to our analysis, however, a change in morph-
ogen diffusion through the clone will produce a persistent
shadow that should be observed also under steady-state
conditions. Moreover, while a previous report argued that a
transient shadow could result from an increased endocytosis
inside the clone (Lander et al., 2002), this is inconsistent with
our results and appears to reflect inconsistent mathematical
analysis (see recent paper by Kruse et al., 2004 and also our
Supplementary Information). Our study suggests that a
transient shadow is only consistent with an increase in the
binding of morphogen to immobile elements over the clone.
An attractive possibility, consistent with our analysis, is that
the phenotype of shibire mutant clones reflects an insuffi-
cient Dpp signaling activity, leading to an increase in the
levels of some Dpp-binding proteins. Indeed, while our
paper was under review, independent experiments have
shown this to be the case (Belenkaya et al., 2004).Summary
Our analysis provides a framework for interpreting clone
experiments that aim at characterizing the mechanistic basis
for shaping morphogen gradients. The results point to the
crucial features of morphogen profile within the clone and
its vicinity that can be used to critically differentiate
between the effects of clones on morphogen diffusion,
degradation, or binding to immobile elements.
For simplicity, we focused our discussion on the canon-
ical morphogen model (Eqs. (1) and (2)). Our quantitative
results, however, hold also for a more general class of
morphogen systems, which do include feedback mecha-
nisms or other nonlinear interactions. A rigorous treatment
of this more general case and the conditions ensuring its
applicability are given in the Supplementary Information.
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